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j\  study  was  made  of  high-resolution  radar  returns  from  a disturbed  sea  surface  and  from 
rigid  debris  floating  on  such  a surface.  The  goal  was  to  determine  if  there  are  differences 
between  the  scatter  from  the  sea  and  that  from  debris  that  would  permit  sea  return  to  be 
suppressed  and  debris  return  to  be  detected.  The  study  involved  both  theoretical  and  experi- 
mental efforts.  Measurement  revealed  that  sea  return  was  relatively  improbable  in  any  given 
resolution  cell  and  that  when  it  did  occur  it  lasted  only  a second  or  two.  Also,  such  return 
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was  always  heavily  amplitude  modulated  with  modulation  frequencies  much  higher  than  tho.se 
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SUMMARY 


This  report  describes  work  done  in  developing  a concept  for  the  design  of  an  effec- 
tive debris-avoidance  radar  for  use  on  high-speed  ships.  The  work  included  experiments 
to  measure  the  echoing  characteristics  of  the  disturbed  sea  surface  and  of  rigid  debris 
floating  on  the  surface  in  various  sea  states.  The  goal  wa.s  to  find  a way  to  suppress  sea 
return  and  detect  debris. 

A dual-frequency  X-band  radar  with  selectable  polarization  and  variable  pulse  length 
(0.5  to  0.02  ns)  was  developed  for  this  purpose.  Measurements  were  made  near  shore 
in  the  Chesapeake  Bay  and  in  deep  water  of  Boca  Raton,  Florida. 

The  experimental  program  revealed  significant  differences  between  echoes  from  the 
sea  surface  and  those  from  rigid  floating  debris. 

Sea  return  was  found  to  be  very  improbable  in  any  given  range  resolution  cell  for 
pulse  lengths  of  100  ns  or  less.  When  large  sea  returns  (often  called  sea  spikes)  were 
received  in  any  resolution  cell,  they  lasted  for  less  than  2 s and  were  not  repeated  in 
that  cell  for  15  to  100  s.  In  addition,  all  X-band  sea  return  in  any  sea  state  was  found 
to  be  amplitude  modulated  with  a high  percentage  of  modulation  at  frequencies  on  the 
order  of  50  to  170  Hz.  In  any  sea  state,  the  probability  of  sea  return  in  any  given  reso- 
lution cell  was  found  to  be  much  higher  with  vertical  polarization  than  with  horizontal 
polarization. 

Returns  from  rigid  floating  debris  were  found  to  have  much  lower  amplitude  modu- 
lation frequencies  than  sea  return  in  any  sea  state  tested  and  with  any  polarization  em- 
ployed. In  addition,  the  probability  of  a return  from  rigid  debris  was  much  higher  than 
the  probability  of  sea  return  in  the  range  cell  occupied  by  the  debris  for  pulse  lengths 
less  than  100  ns. 

A theoretical  model  explaining  the  sea  return  characteristics  was  developed.  It 
demonstrates  that  conventional  radar  could  not  be  used  to  detect  debris  because  it 
would  suffer  an  unacceptable  false  alarm  rate  due  to  the  random  appearance  of  sea 
spikes. 

The  difference  in  the  modulation  frequencies  of  sea  and  debris  returns  was  used 
in  developing  a detector  that  eliminates  sea  spikes  and  detects  debris  return.  This  de- 
tector requires  the  radar  to  dwell  on  any  resolution  cell  for  about  20  ms.  Thus,  the 
proposed  radar  employs  multiple  fixed  beams  covering  an  angular  sector  in  front  of  the 
ship. 
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HlGH-RESOLUTION  RADAR  SCATTERING  CHARACTERISTICS 
OF  A DISTURBED  SEA  SURFACE  AND  FLOATING  DEBRIS 

INTRODUCTION 

This  report  will  describe  work  done  in  developing  a concept  for  an  effective  debris- 
avoidance  radar  for  high-speed  ships.  The  work  included  both  experimental  and  theoret- 
ical efforts  and  resulted  in  a better  understanding  of  sea  scatter  phenomena  and  a new 
concept  for  debris  detection  radar  design. 

The  goal  of  this  study  was  to  find  a technique  for  designing  a radar  that  would 
detect  debris  floating  on  a disturbed  sea  surface.  The  problem  was  to  differentiate  be- 
tween echoes  from  debris  and  those  from  the  disturbed  sea  surface. 

The  approach  to  the  problem  was  to  measure  the  characteristics  of  sea  return  as  a 
function  of  polarization,  carrier  frequency,  range  resolution,  angle  resolution,  and  time. 
The  same  measurements  were  then  made  on  rigid  debris  floating  on  the  water,  and  com- 
parisons were  made  to  determine  whether  there  were  any  characteristics  that  would  dis- 
tinguish one  from  the  other. 


INSTRUMENTATION 

A schematic  of  the  radar  developed  to  study  debris  and  sea  return  is  shown  in  Fig. 

1.  Two  continuous-wave  (CW)  signal  generators  are  used  as  carrier  sources.  One  generator 
is  tuned  to  8.6  GHz,  and  the  other  to  9.2  GHz.  The  outputs  of  these  two  generators  are 
added  in  a hybrid  and  amplified  in  a traveling  wave  tube  (TWT)  chain;  they  then  excite 
the  input  of  a normally  open  diode  switch.  This  switch  is  closed  for  the  duration  of  a 
pulse  from  a timing  generator.  The  minimum  usable  pulse  length  is  20  ns,  and  the  maxi- 
mum pulse  length  is  limited  by  the  pulse  repetition  period  of  the  timing  generator,  which 
is  variable  from  0,02-1  ms.  The  output  of  the  switch  passes  through  a circulator,  then 
through  a polarization  selector  switch,  and  is  radiated  from  an  antenna  as  either  a verti- 
cally or  horizontally  polarized  wave.  The  antenna  is  a parabolic  reflector  either  1 or 
2.67  m in  diameter  with  orthogonally  linearly  polarized  feeds  separately  connected  to 
the  polarization  switch. 

Radar  echoes  that  enter  the  antenna  pass  through  the  polarization  switch  ami  ente>- 
the  radar  receiver  through  the  circulator  and  a diode  switch  that  is  closed  by  a receiver 
gate  pulse  from  the  timing  generator.  The  output  from  this  switch  passes  through  a 
calibrated  variable  attenuator  and  is  amplified  by  a low-noise  TWT  chain.  The  output 
of  the  TWT  chain  enters  port  A of  a four-port  circulator  and  couples  to  a bandpass 
filter  that  is  200-MHz-wide,  tuned  to  8.6  GHz,  and  attached  to  port  B of  the  circulator. 
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Fig.  1 — Instrumentation  radar 


The  8.6-GHz  signal  passes  through  this  filter,  and  the  9.2-GHz  signal  reflects  back  into 
port  B of  the  circulator.  The  9.2-GHz  signal  exits  from  port  C of  the  circulator  and 
passes  through  a bandpass  filter  200-MHz-wide  and  tuned  to  9.2  GHz.  The  outputs  of 
these  two  filters  are  rectified  in  separate  detectors  anS  amplified  in  separate  wide-band 
video  amplifiers.  The  outputs  of  these  amplifiers  are  displayed  as  real-time  video  on  a 
two-channel  oscilloscope  and  are  also  used  as  inputs  to  two  range-gated  sample-and-hold 
circuits.  The  gated  stretched  outputs  of  the  sample-and-hold  circuits  are  displayed  as 
time  functions  on  a two-channel  oscilloscope  and  are  also  recorded  on  a two-channel 
magnetic  tape  recorder. 

Figure  2 is  a schematic  of  the  data  recording  complex.  A television  camera  with  a 
zoom  lens  was  mounted  on  the  radar  antenna  with  its  field  of  view  centered  on  the  radar 
field  of  view.  Two  other  television  cameras  were  used  to  record  the  real-time  video  and 
the  range-gated  time  functions  displayed  on  two-channel  oscilloscopes.  Split-screen  tech- 
niques were  used  to  record  the  output  of  all  three  television  cameras  on  the  same  television 
recorder.  This  ensured  time  synchronization  of  the  radar  data  and  the  optical  picture  of 
the  sea  surface  that  produced  the  radar  echoes. 


CALIBRATION 

The  system  was  calibrated  using  a comer  reflector  with  a known  equivalent  scattering 
cross  section  of  a = 24  m^  (Fig.  3).  The  variable  attenuator  at  the  input  to  the  receiver 
was  adjusted  so  that  both  the  real-time  video  and  the  gated  stretched  video  were  at  the 
upper  end  of  the  linear  range  of  the  system. 
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Fig.  2 — Recording  instrumentation 
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In  Fig.  3 the  right-hand  section  of  the  picture  is  the  view  from  the  boresight  camera. 
The  inset  at  the  bottom  left  is  the  real-time  video  and  the  range  gage.  The  lower  trace  is 
8.6  GHz,  the  middle  trace  is  9.2  GHz,  and  the  upper  trace  is  the  approximate  range  gale 
position.  The  sweep  speed  for  the  real-time  video  was  50  ns/cm,  or  500  ns  per  swee[). 

The  inset  at  the  top  left  is  the  gated  stretched  video  with  9.2-GHz  top  and  8.6-GHz  bottom 
trace.  The  sweep  speed  of  these  traces  was  20  ms/cm  (0.2  s per  sweep).  The  circular  dark 
spot  on  the  boresight  picture  is  the  region  filled  by  the  radar  beam  at  ranges  long  enougli 
to  minimize  the  parallax  between  the  TV  camera  and  the  antenna.  The  dotted  lines  in 
this  dark  spot  are  the  region  covered  by  the  20-ns  range  gate  when  the  beam  strikes  the 
water  at  a 4.6°  grazing  angle  viewing  the  disturbed  sea  surface. 

In  these  measurements,  the  radar  pulse  repetition  frequency  was  50  kHz. 


EXPERIMENTAL  RESULTS 

The  first  measurements  of  sea  return  were  made  at  the  Chesapeake  Bay  with  the  1-m 
diameter  radar  antenna,  4 m above  the  mean  water  level.  The  radar  beamwidth  with  this 
antenna  was  2.6°,  and  the  center  of  the  beam  impinged  on  the  water  at  a distance  of  50  m. 
These  values  yielded  a 2-m  cross-range  resolution  cell  at  the  center  of  the  beam  and  a grazing 
angle  of  4.6°.  The  radar  pulse  length  and  range  gate  were  20  ns  long,  yielding  a range 
resolution  of  3.33  m. 

Figure  4 typifies  data  obtained  with  vertical  polarization  and  with  1-  to  1.3-m  waves. 
The  individual  pictures  were  taken  sequentially  in  time  with  approximately  0.3  s between 
pictures.  This  time  interval  corresponded  to  the  time  between  sweeps  of  the  oscilloscope 
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(a)  50-(lB  altenuatioii  in  rect^iver 


(b)  15*dB  attenuation  in  receiver 
Fi^.  3 “•  ('alibration  via  corner  reflector  ( o = 24  m^) 
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portraying;  tiu'  j^atcd  .str('t<-(ii'd  video.  It  slKuild  be  note:!  tliat  Lhv  reaJ-tu7ie  video  di.ipiayed 
in  tliese  pictures  I'orresponded  to  llu'  last  ' splayed  strelelied  video  only  when  the  photos 
were  taken  liel'ore  the  stretelied  vuleo  swei'p  ended.  In  all  data,  the  oscilloscopes  sw'eep  from 
left  to  rieht  in  time. 

Figure  la  is  the  start  of  the  seqiu'nee  and  reveals  S.G-dHi;  ndurns  (real-time  video) 
from  two  waves,  one  in  front  of  and  the  other  behind  the  ranp'e  ttate.  The  latter  appears 
to  ori);inate  from  the  sharp  t>eak  or  crest  of  the  second  wave,  and  the  former  ( orresponds  to 
the  whiteeap  on  top  of  the  first  wave.  No  returns  me  evident  on  ‘.).2  GHz. 

Figure  4b  portrays  the  sea  surface  O.d  s later,  with  a larjte  wave  in  liu‘  raiifie  aate  but 
no  real  timt'  video  returns  evidtmt  -m  I'lther  frecjuency.  The  stretched  video.  howeviT, 
shows  evidence  of  some  small  returns  on  both  fre()Uencies  between  pictures. 

F'ij^ure  4c  was  taken  0.3  s after  4b  and  .shows  whitecaps  at  the  two  sides  of  the  \\a\e 
in  the  ranRe  tjate,  a real  time  video  return  at  8.0  GHz  (note  (he  pulse  fili-mi.  and  data  on 
both  frequencies  in  the  stretched  video  disiday.  The  lartjest  jicaks  in  'he  str.qched  video 
correspond  to  an  equivalent  scatterintj  cross  section  i;  on  the  ortler  of  1 (i  m-  in  the  reso 
lution  cell.  The  stretched  video  also  shows  that  the  return  is  heavil>  amplitude  modulated, 
with  nearly  lOOtf  amplitude  changes  in  times  on  the  order  of  10  ms. 

Fiaure  4d,  taken  0.3  s after  Fin.  -Ic,  shows  a whiteca)'  fillim;  the  a^  iiuth  resolution 
cell  as  the  whole  wave  breaks.  Returns  are  evident  on  both  frei|uencies  in  the  real-time 
data,  and  lar^e  returns  are  evident  in  the  stretched  video  traces.  The  width  of  the  visible 
whiteeap  in  ranne  is  on  the  order  of  1 m,  and  the  peak  eciuivalent  scattiTinn  cross  sections 
evident  from  the  stretched  video  are  in  excess  of  4 m-  at  9.2  GHz  and  7 m-  at  8.6  GHz. 
Note  that  the  two  freciuency-stretched  video  time  funcUtins  appear  to  be  uncorrelated,  as 
one  would  expect,  due  to  the  large  frequency  difference  (600  MHz), 

Figure  4e,  taken  0.3  s after  Fig.  4d,  shows  the  whiteeap  moved  towanl  the  short 
range  side  of  the  range  resolution  cell.  The  stretelied  video  shows  an  extremely  hu'ge 
return  on  8.6  GHz  that  actually  went  off  scale  and  saturated.  This  required  a o in  (excess 
of  10  m2. 

The  next  picture  in  the  sequence  (4fl  shows  large  real-time  video  almost  out  of  the 
range  gate,  and  Fig.  4g  completes  the  sequence  of  the  wave  moving  tlirough  the  range  gate. 

Figure  5 is  another  typical  vertical  polarization  sequence  of  a whiteeap  forming  and 
moving  out  of  the  range  gate.  Note  that  the  wave  traveled  about  1.33  m in  1.2  s and  that 
the  size  and  shape  of  the  broken  water  region  were  constantly  changing.  The  largest  n 
values  in  this  setiuence  were  on  the  order  of  7 m'-’.  I'igure  6 is  a wave  sec|uence  taken 

Figure  6 is  a wave  sequence  taken  with  the  radar  polarized  horizontally.  In  tlu  ■' 
data,  the  calibrated  attenuator  was  varied  to  increase  the  receiver  sensitivity  by  5 dB.  ' he 
time  intervals  between  pictures  in  the  sequence  were  0.3  s,  as  in  the  verticiilly  polarized 
case,  and  all  trace  speeds  were  maintained. 

Figure  6a  shows  a whiteeap  forming  on  a wave  at  the  outer  end  of  the  range  ix'solu- 
tion  cell.  the  optical  imane  of  the  ivhilccai)  in  (/ic  water  in  front  of  the  irititecap. 
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This  oplic'al  vvas  noU'd  many  times  in  the  measurement  pro^'ram  anil  will  he  slu^wn 

to  he  sianifii'ant  in  later  sections  of  this  report.  Real-time  video  is  evident,  hut  the  stretched 
vidi’O  trace  had  ended  prior  to  the  video  occurrence  and  shows  no  data. 

Fifttire  Gh  shows  thi'  whitecap  j;reatly  increased  in  size  and  indications  of  returns  on 

the  staled  stretched  video  traces.  The  peaks  in  those  traces  correspond  to  a values  of  0.2 
•) 

m- . 

Fixture  Gc  shows  larger  echoes  on  the  stretched  video  traces,  with  pi'ak  o values  of 
ahoul  1 m-.  Note  the  characteristic  hifth-frequency,  lar^e-percentatte  ampliluile  modulation 
on  the  echo  as  a function  of  time. 

Fiftiire  Gtl  shows  both  real-time  video  and  previous  echoes  from  o values  on  the  order 
of  1.5  m-  peak.  Fiftures  6e  and  6f  complete  the  sequence. 

Figure  7 is  another  typical  sequence  with  horizontal  polarization.  Figure  7a  starts 
the  secptence  with  no  visible  returns  hut  with  a large  wave  in  the  re.solution  cell. 

Figure  7h  shows  the  wave  starting  to  break  and  evidence  of  radar  echoes  in  the  gated 
stretched  video.  The  peak  echoes  on  9.2  GHz  were  from  a values  on  the  order  of  1 m^, 
and  those  on  8.6  GHz  were  on  the  order  of  0.5  m^. 

Figure  7c  shows  the  wave  break  ex|)anding  across  the  azimuth  resolution  cell.  Real- 
time video  is  evident,  and  rapidly  modulated  returns  are  evident  in  the  gated  stretched 
video.  The  a values  in  this  picture  were  in  excess  of  1.5  m^  at  9.2  GHz  and  0.5  m^  at 
8.6  GHz. 

Figure  7d  shows  evidence  of  a very  large  return  on  8.6  GHz  (o  =*  2.5  m^),  and  the 
wave  is  broken  over  most  of  the  azimuth  resolution  cell. 

Figure  8 shows  the  radar  return  from  a semisubmerged  platform  on  l>oth  horizontal 
(Fig.  8a)  and  vertical  (Fig.  8b)  polarization.  Note  that  the  echo  is  modulated  as  the  water 
rises  and  falls.  Note  also  that  this  modulation  is  very  low  in  frequency  compared  to  that 
characteristic  of  echoes  from  breaking  waves. 


DEEP  W.VTER  DATA 

Sea  return  measurements  were  also  made  at  Boca  Raton,  Florida,  in  deep  water.  In 
these  measurements,  the  2.67-m-diameter  antenna  was  employed  with  a 1°  heamwidth. 

The  antenna  was  mounted  on  top  of  a building  13  m above  mean  sea  level,  and  the  center 
of  the  beam  intercepted  the  water  at  a distance  of  530  m.  This  produced  a grazing  angle 
of  about  1.4°.  The  boresight  television  camera  field  of  view  was  narrowed  to  permit  it 
to  cover  the  radar  beam  in  azimuth  (1°)  on  the  split-screen  display,  and  it  provided  a 2° 
vertical  field  of  view. 

The  530-m  range  and  1°  heamwidth  produced  :m  azimuth  resolution  of  about  10  m, 
and  the  20-ns  pulse  yielded  a range  resolution  of  3.33  m. 
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(b)  vertical  polarization 


Fig.  8 — Return  from  partially  submerged  platform 
( 1 -dB  attenuation  in  receive”) 
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Whitecap  data  obtained  from  this  site  with  1-  to  l..'5-m  wavfs  were  ver%'  similar  lo 
data  obtained  at  Chesapeake  Beach.  However,  an  opportunity  oci  urred  to  observe  w'hite- 
caps  from  waves  travelinti  ai'ross  the  field  of  view.  Data  from  these  waves  revc-aled  much 
higher  frequency  amplitude  modulation  than  those  from  waves  breaking  toward  the  radar. 
Autocorrelation  times  on  the  order  of  3 ms  wer»“  ob.servi’d.  Figure  t)  is  characti’ristic  of 
the  returns  for  vertical  and  horizontal  polarization.  (The  triangular  marker  on  the  side 
of  the  boresight  picture  m2U'ks  the  range  gate  position.) 

The  increased  frequency  of  the  amplitude  modulation  can  be  explained  by  the  in- 
creased rate  of  growth  of  the  whitecap  in  range  due'  to  the  angle  between  the  wavefront 
and  the  line  of  sight.  Note  that  the  growth  ratt'  of  the  Chesaiieake  Beach  whitecaps 
(Fig.  6)  was  much  higher  along  the  water  wavefront  than  normal  to  the  wavefront.  Dif- 
ferences of  4 to  1 were  common. 

Data  were  also  obtained  on  small  unbreaking  waves  at  Boca  Raton,  Florida.  These 
waves  ranged  from  0.15  to  0.3  m in  height.  Analysis  of  this  data  has  not  been  completed 
at  this  time.  However,  several  obvious  facts  were  noted.  These  were  as  follows: 

1.  The  echoes  (Fig.  10)  had  the  same  temporal  and  spatial  characteristics  as  those 
from  whitecaps  but  were  much  smaller  in  magnitude.  They  had  autocorrelation  times 
of  10  ms  or  less  and  were  widely  separated  in  range  (relatively  improbable  in  any  given 
range  resolution  cell). 

2.  Echoes  on  horizontal  polarization  were  less  probable  than  on  vertical  polarization 
but  were  higher  in  amplitude  when  received.  The  latter  effect  was  attributed  to  the  fact 
that  the  angle  of  incidence  on  the  waves  was  near  Brewster’s  angle  for  vertically  polarized 
radiation. 

3.  The  lifetime  of  any  return  was  on  the  order  of  1 s or  less. 


MEDIAN  EQUIVALENT  SCATTERING  CROSS 
SECTION  OF  WHITECAPS 

The  large  equivalent  scattering  cross  section  of  whitecaps  at  small  radar  dej>ression 
angles  can  be  explained  theoretically  by  assuming  them  to  be  very  rough  surfaces  at  the 
wavelength  of  interest  (3  cm).  Such  rough  .surfaces  scatter  incident  radiation  in  all  direc- 
tions in  the  upper  half  space. 

The  grazing  cmgle  of  the  radiation  on  the  whitecap  can  be  approximated  by  the  sum 
of  the  radar  depression  angle  emd  half  the  slope  of  the  wave  when  it  breaks  (30°).  Thus, 
for  small  depression  angles,  the  power  intercept  area  of  the  whitecap  can  be  taken  to  be 

Ag  = Asinl5°  = A/4,  (1) 


where  A is  the  actual  area  of  the  visible  whitecap. 
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With  this  power  intercept  area,  the  equivalent  scattering  cross  section  is 


a = Gs  = AGglA,  (2) 

where  is  the  gain  of  the  scatterer  in  the  direction  of  the  radju"  receiver.  in  this 
case  will  be  determined  by  the  roughness  of  the  whitecap,  by  the  fact  that  energy  can 
scatter  only  into  the  upper  half  space,  and  by  the  fact  that  an  image  of  the  whitecap 
will  form  in  the  surrounding  unbroken  water,  i.e., 

Gg  = G«  G-pi  (3) 

where  G^  is  the  roughness  factor,  Gf/g  is  the  half-space  factor,  and  G-p/  is  the  target- 
image  factor. 

For  very  rough  surfaces  G;j^l,G^S  = 2,  and  Gpj  = 2,  since  the  image  of  the 
whitecap  can  have  the  same  power  intercept  area  as  the  whitecap.  With  these  values, 
Eq.  (2)  becomes 


o = ^S-  (4) 

It  should  be  noted  at  this  point  that  the  o,  given  by  Eq.  (4),  is  the  mean  value. 
Since  the  target  and  its  image  are  illuminated  by  coherent  radiation,  they  can  interfere 
constructively  and  destructively.  In  addition,  the  coherent  scatter  from  the  different 
portions  of  the  rough  surface  can  interfere  constructively  or  destructively.  In  fact,  the 
whitecap’s  height  above  mean  sea  level  and  its  size  and  structure  will  change  with  time. 
This  will  cause  severe  amplitude  modulation  of  o with  time,  as  observed  in  the  data  ob- 
tained in  sea  return  measurements. 

The  measurement  program  revealed  that  Eq.  (4)  is  useful  and  reasonably  accurate. 
Dividing  this  equation  by  A to  obtain  Oq  yields  Oq  = 1 m^/m^.  This  is  on  the  order  of 
35  dB  greater  than  the  Oq  quoted  in  standard  tables  for  sea  scatter  in  low-resolution 
radars  for  sea  states  3 and  4 and  3°  grazing  angles  [1] . The  difference  can  be  justified 
by  the  large  ratio  of  sea  surface  not  covered  by  whitecaps  to  that  covered  by  white  caps 

Applying  Eq.  (4)  to  the  data  in  Fig.  4d,  where  Ag  was  noted  to  be  1 m deep  in 
range  by  2 m in  azimuth,  would  yield  an  average  a = 2 m^.  This  is  in  reasonable  agree- 
ment with  the  data,  considering  the  statistics  involved. 


MULTIPATH  EFFECTS 

Interference  between  the  echo  from  the  whitecap  and  its  image  can  produce  a rela- 
tively slow  modulation  on  the  composite  return  as  the  object  and  image  spacing  vary 
with  time.  As  previously  noted,  images  have  been  observed  at  optical  frequencies  and 
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(b)  horizontal  polarization 
Fi(>.  10  — Returns  from  small  wavos  in  (Imp  wator 
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would  he  even  more  likely  at  microwave  frequencies.  Whilecaiis  afipear  frequently  at  sea  : 

state  3,  for  which  the  wave  height  and  period  are  about  1.25  m and  4 s,  respectively.  .\t  I 

a wavelength  of  3.3  cm  (corresponding  to  9.1  GHz),  the  vertical  lohing  pattern  width  j 

(0  = sin"*  X/2H)  is  about  0.8°.  For  the  CBD  tests  the  grazing  angle  was  4.6°,  so  that  th(* 
radar  antenna  was  located  in  the  .sixth  lobe  of  the  whilecap  interference  pattern.  P'or  the 
4-s  period,  this  suggests  a maximum  detected  modulation  frequency  of  3 Hz.  At  most  ' 

radar  operating  ranges,  the  grazing  angle  will  be  much  less.  If  it  is  less  than  0.8°,  the  I 

signal  variation  due  to  multipath  will  be  at  the  wave  period,  corresponding  to  a frequency  ' 

of  1/4  Hz.  The  elevation  lobing  phenomenon  is  suggested  as  one  reason  for  observed  time  i 

delays  that  often  occur  between  the  formation  of  a whitecap  and  the  reception  of  the  1 

sea  spikes.  It  can  also  explain  the  relatively  long  time  in  which  either  the  8.6-  or  9.2-GHz  | 

return  is  detected  in  the  absence  of  the  other.  j 


POLARIZATION  DEPENDENCE  OF  WHITECAP  ECHOES 

All  the  data  taken  in  this  study  revealed  that  the  equivalent  scattering  cross  section 
of  broken  water  (whitecaps)  was  on  the  order  of  5 dB  higher  for  vertical  polarization  than 
for  horizontal  polarization.  This  agrees  with  Nathan.son  |1].  However,  this  difference  is 
not  predictable  on  the  basis  of  scattering  from  a randomly  rough  surface.  Such  a surface 
should  scatter  all  polarizations  equally. 

A possible  clue  to  the  cause  of  this  polarization  sensitivity  was  obtained  from  echoes 
from  sharp-topped,  unbroken  waves.  Such  echoes  are  much  higher  for  vertical  polarization 
than  for  horizontal  polarization.  The  sharp  top  acts  as  an  impedance  discontinuity  to 
surface  currents  induced  by  incident  radiation.  Such  currents  partially  reflect  from  this 
discontinuity  and  radiate  backward  like  long-wire  standing  wave  antennas  [2,3]  with  sig- 
nificant directivity  and  gain.  An  example  of  such  augmentation  of  equivalent  scattering 
cross  section  is  evident  in  the  variation  of  a with  incidence  angles  of  radiation  on  a long 
wire. 

Skolnik  [4]  shows  such  a plot  for  a rod  39  wavelengths  long  and  1/4  wavelength  in 
diameter.  This  plot  shows  a falling  off  rapidly  with  the  departure  of  the  grazing  angle  ^ 
from  90°.  However,  o begins  to  rise  again  at  small  grazing  angles  and  peaks  at  about  8 
to  a value  several  orders  of  magnitude  greater  than  that  at  larger  grazing  angles.  This  8° 
angle  is  the  position  of  the  largest  radiation  lobe  of  such  a rod  when  excited  by  a current, 
at  the  frequency  of  interest,  inserted  at  one  end. 

This  mechanism  could  explain  the  polarization  sensitivity  of  sea  scatter  since  the  high- 
gain  lobes  make  small  angles  with  the  reflected  surface  current  and  since  no  reflected  sur- 
face currents  are  produced  by  incident  radiation  with  the  E field  parallel  to  the  sharji  top 
of  the  wave.  Vertically  polarized  radiation  will  induce  such  reflected  currents  on  wave 
tops  with  the  maximum  scatter  gain  back  in  the  direction  of  the  radar  (in  monostatic 
systems),  as  shown  in  Fig.  11.  Horizontally  polarized  radiation  can  induce  such  reflected 
signals,  but  the  reflected  surface  currents  will  make  big  angles  with  the  line  of  sight  from 
the  radar  (Fig.  12)  and  the  large  high-gain  long-wire  lobes  will  miss  the  radar. 
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riiis  pheiioiiu'iion  c:m  he  very  important  in  llie  ease  of  wliiteeaps,  where  then-  is  an 
alirupt  discontinuity  between  tlie  unliroken  water  and  tlie  broken  water  falling  down  tlie 
fac(‘  of  the  wavi'  ( Fi)t.  l.'i).  In  this  ease,  echoes  from  liorizontally  polarized  radiation 
would  orieinaU'  mainly  in  the  routth  broken  water,  while  those  from  vertically  polarizi'd 
radiation  would  originate  both  in  front  of  and  within  the  broken  water. 


Future  work  is  planned  to  test  this  hypothesis  using  bistatic  radar  measurements  of 
.sea  scatter. 


THEORETICAL  SCATTERING  .MODELS 

Many  hours  of  high-resolution  radar  sea  return  recordings  were  made  in  the  Chi’sapeake 
Bay  and  in  deep  water  off  Boca  Raton,  Florida.  In  all  cases,  large  returns  were  found  to 
be  associated  with  broken  water  in  whitecaps;  returns  from  unbroken  water  were  much 
smaller.  In  all  cases  the  returns  were  found  to  be  amplitude  modulated,  with  relatively 
high  frequencies  and  high  modulation  indexes.  If  these  findings  are  generally  applicalile, 
they  provide  a basis  for  discriminating  between  >-i  a return  and  echoes  from  rigid  debris 
floating  on  the  water,  liecause  the  latter  would  display  much  lower  frequency-amplitude 
modulations.  The  general  applical)ility  of  these  observations  would  be  more  acceptable 
if  theoretical  analysis  explained  and  predicted  the  modulation  characteristics  of  sea  return. 

.\s  a consequence,  a theoretical  analysis  was  undertaken. 

• The  approach  to  this  analysis  was  to  construct  a series  of  possible  models  of  the  sur- 

face and  to  compiire  calculated  scattering  from  the.se  surfaces  with  mea.sured  data  from  the 
sea  surface. 

In  modeling  the  surface,  it  was  noted  that  coherent  illumination  at  low  grazing  angles 
at  a wavelength  X would  define  the  autocorrelation  length  in  range  to  be  X/4;  i.e.,  echoes 
from  scatterers  separated  in  range  by  less  than  X/4  would  be  correlated  and  would  interfere 
constructively.  It  was  also  noted  that  the  autocorrelation  time  of  the  X-band  echoes  from 
whitecaps  was  on  the  order  of  10  ms,  and  that  this  corresponded  very  closely  to  the  observed 
time  necessary  for  the  whitecap  to  grow  or  shrink  in  range  length  by  X/4.  This  growth  rate 
was  also  m<’asured  by  B.  L.  IlicKs  et  al.  |5].  As  a consetiuence,  all  models  emp  ed  one 
.scatterer  per  X/4  range  increment,  rather  than  a continuum  of  scatterers. 
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rale  was  assumed  to  lie  on  tlie  order  of  X/1  in  10  ms.  The.se  assumptions  were  based  on 
hours  of  visual  study  of  the  sea  surfaee  via  television  cameras  with  known  frame  rates 
and  thus  were  not  completely  arbitrary. 

The  various  models  c'onstructed  differed  in  the  detjree  of  randomness  of  the  surface 
and  in  the  ratio  of  internal  to  external  autocorrelation  times.  The  latter  is  the  time  of 
addition  of  an  extra  X/-1  zone,  and  the  former  is  the  decorrelation  time  of  scatlerers  in 
zones  already  formeii. 

The  first  model  of  the  surface  to  be  constnicled  assumed  that  the  amplitude  of  the 
reflected  signal  from  the  nth  X/4  zone  added  would  lie  represented  by 


e„  = (1  - X-T,, )(-])”-' 


(5) 


i 

1 

I 

\ 


■| 


where  was  picked  from  a table  of  random  numliers  uniformly  distributed  between  0 
and  1,  and  k was  the  assumed  randomness,  having  a value  from  0 to  +1.  The  equivalent 
scattering  cross  section  of  a .surface  composed  of  n zones  was  then  defined  to  be 


Differences  in  internal  and  external  autocorrelation  times  were  incorporated  by  up- 
dating (drawing  new  random  numbers  for)  already  formed  zones  when  such  zones  were 
m zone  additions  old.  For  example,  an  m =1  would  imply  equal  internal  and  external 
autocorrelation  times  and  was  instrumented  by  summing  new  random  numbers  for  each 
zone  every  time  a new  zone  was  added.  Thus,  involves  different  random  numbers 
from  those  forming  or  a„  + j.  An  m = 5 would  imply  an  internal  autocorrelation 
time  five  times  longer  than  the  time  required  for  the  surface  to  grow  by  one  zone.  Thus, 
new  random  numbers  would  be  drawn  for  zones  that  are  five  zone  additions  old. 

For  all  models,  a was  plotted  against  n (the  number  of  zones  formed)  for  five 
different  realizations  of  the  surface  (five  different  sets  of  random  numbers)  and  for  k 
values  of  1,  0.50,  and  0.25.  In  all  cases  n^ax  taken  to  be  128,  which  at  X-band 
would  correspond  to  a whitecap  1.05  m long.  In  addition,  the  spectrum  of  the  resultant 
time  function  was  plotted  by  passing  the  function  through  a 128-point  fast  Fourier  trans- 
form (FFT)  program.  Since  only  real  numbers  were  used,  the  plot  was  extended  only 
to  65  frequencies,  because  frequencies  from  65  to  129  would  be  the  mirror  images  of 
those  plotted. 

Figure  14  is  a plot  of  a vs  n for  k = 0.  Note  the  a variation  from  0 to  1 to  0,  etc., 
as  zones  are  added  (as  would  be  expected).  The  spectrum  in  Fig.  14  is  the  result  of 
pa.ssing  the  a values  through  the  FFT,  which  produced  a DC  term  and  a term  at  half  the 
sampling  rate. 
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(a)  a vs  n 


P 


(b)  power  P vs  frequency  f 
Fig.  14  — Random-amplitude  model,  ft  = 0 
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Fisures  15a  throutih  15e  are  o and  spectra  plots  of  different  realizations  (different 
random  numbers)  with  h = 0.25  and  /n  = 1.  In  these  plots,  the  vertical  scale  ts  fi.xed  by 
the  largest  value  encountered,  and  the  spectra  are  the  result  of  passing  the  amplitudes 
associated  with  the  a values  through  the  F’FT.  In  these  sjtectra  the  amplitudes  were 
eipially  likt'ly  to  be  positive  or  negative.  Note  that  the  largest  peaks  are  on  the  order  of 
t'ight  times  the  value  for  one  zone,  which  in  this  case  is  dominated  by  the  cohenmt  com- 
ponent and  is  evident  at  n = 1,  3,  and  5. 

Figure  15f  is  the  average  spectrum  of  the  five  realizations  with  I:  = 0.25  and  m = 1. 

F'igures  16a  through  16e  are  the  u and  spectra  plots  of  five  different  realizations  of 
k = 0.5  and  m = 1,  with  the  vertical  scale  normalized  to  the  largest  i)eak.  .Note  that  tlie 
largest  peaks  have  increased  with  re.spect  to  the  average  a for  one  zone  due  to  the  increa.se 
in  k.  Again,  the  si>ectra  resulted  from  passing  the  amplitude  values  from  which  the  a 
[)lot  was  derived  through  the  F’FT.  .\s  a conseciuence,  the  DC  component  is  relatively 
small  compared  to  the  total  power  in  the  spectrum.  Figure  16f  is  the  average  spectrum 
of  the  five  realizations. 

Figures  17a  through  17e  ;ure  the  result  of  k = 1,  i.e.,  a completely  random  surface. 

Note  that  the  largest  a values  are  many  times  tliat  for  one  zone  and  the  spectrum  contains 
many  high-frequency  components  |dus  a DC  term.  Figure  17f  is  the  av«>rage  sjK'ctrum. 

Comparison  of  these  data  with  the  e.xperimental  nvsults  shows  good  agreement,  es-  • 

pecially  with  /c  = 1. 

Figures  18  through  20  are  the  results  of  k values  of  0.25,  0.5.  and  1 and  tut  m value 
of  5;  i.e.,  zone  updates  every  five  zones  added.  These  results  give  longer  spikes  (longer 
autocorrelation  times)  than  were  evident  in  the  (‘xjierimental  results. 

The  agreement  of  the  model  used  for  Fig.  17  with  the  measured  data  indicates  that 
whiteca|)s  are  very  rough  surfaces  with  nearly  equal  internal  and  external  autocorrelation 
times.  The  agreement  also  adds  confidence  that  the  water  dynamics  will  always  [iroduce  a 
sea  return  with  high-percentage  high-frequency  amplitude  modulations. 

The  previously  discussed  theoretical  models  employed  only  random  amiditude.  The 
return  from  each  zone  was  a.ssumed  to  come  from  the  center  of  the  zone.  .Another  type 
of  model  was  also  developed  that  allowed  both  the  amplitude  and  phase  of  zone  returns 
to  vary. 

In  this  model,  the  return  from  the  nth  zone  was  defined  as 


where  k is  the  randomne.ss  factor  0 < /,■  < 1 and 
each  uniformly  distributed  Iretween  0 and  1. 


+ j sin 


(T) 


.K2  ■ ^ • 

and  are  two  random  numl>ers. 
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Fig.  16  — Random-amplitude  model,  five  realizations  (k  - 0.5  and  m = 1),  a vs  n and  power  P vs  frequency  f 
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Figures  21  tlirougli  23  and  24  through  26  illustrate  the  results  of  this  model  with 
k = 0.25  and  0.5,  and  1,  and  with  m = 1 and  5.  A comparison  of  these  results  with 
tho.se  from  the  random-amplitude-only  model  reveals  very  little  difference  in  chaiacter. 
However,  the  DC  component  of  the  spectra  of  the  m = I data  appears  to  be  lower  in  the 
random-amplitude  and  random-phase  data. 

It  should  be  noted  that  scatterer  separations  of  greater  than  X/4  could  have  been  used 
in  all  these  models  with  no  significant  changes.  However,  separations  of  less  than  X/4 
would  have  correlated  the  surface  and  made  every  zone  nearly  equal  in  magnitude  with  a 
phase  center  in  the  center  of  the  zone. 

It  should  also  be  noted  that  these  models  can  be  used  to  explain  the  small-wave  Boca 
Raton  data  obtained  in  the  absence  of  whitecaps. 

DEBRIS  CHARACTERISTICS 

The  radar  echoing  characteristics  of  rigid  debris  floating  on  the  sea  surface  were  studied 
both  theoretically  and  experimentally.  Oil  drums,  logs,  and  aluminum-covered  plastic  gallon 
milk  bottles  were  considered  and  measured. 

A comparison  of  the  echoing  characteristics  of  solid  debris  and  the  sea  surface  revealed 
that  returns  from  debris  floating  on  the  sea  had  much  lower  frequency-amplitude  modula- 
tion than  sea  return.  Figure  27  is  typical  of  the  data  obtained.  This  figure  is  the  measured 
(vertically  polarized)  echo  signal  from  an  anchored  plastic  gallon  milk  bottle  covered  with 
aluminum  foil.  The  gated  stretched  video  was  recorded  on  a visicorder.  The  low-frequency 
modulation  was  produced  by  2-ft  (0.6  m)  waves  swinging  the  bottle  on  its  tether  and  l)y 
interference  between  the  bottle  and  its  image  in  the  sea  surface.  This  piece  of  data  was 
taken  in  the  absence  of  a whitecap  in  the  resolution  cell.  Note  that  large  returns  at  8.6 
and  9.2  GHz  were  received  at  different  times.  This  indicated  the  aforementioned  target 
image  interference  phenomena. 

Figure  28  is  equivalent  data  taken  with  the  radar  polarized  horizontally.  A small 
whitecap  was  in  the  resolution  cell  in  the  left  hand  portion  of  this  recording  and  added 
relatively  high  frequency  modulation  components  to  the  bottle  return  on  8.6  GHz. 

Figures  29  and  30  show  sea  return  data  from  a breaking  wave  on  the  two  different 
polarizations  for  comparison  purpo,ses.  Note  the  large  percentage  of  high-freciuency  ampli- 
tude modulation  on  the  sea  return. 

Calculation  revealed  that  a 3.33-m-long  log  would  have  to  be  seen  near  broadside 
rotating  at  0.5  rad/s  about  a vertical  axis  normal  to  its  long  axis  in  order  to  produce  modu- 
lation frequencies  near  those  characteristic  of  sea  return.  It  is  obvious  that  such  a condition 
could  not  exist  for  any  extended  period  of  time.  This,  coupled  with  the  obsi'rved  fact  that 
whitecaps  are  very  improbable  in  any  given  resolution  cell,  provided  the  concept  nei  ess;iry 
for  design  of  an  effective  debris-avoidance  radar. 
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Fig.  28  — Horizontally  polarized  return  from 
foil-covered  plastic  bottle 
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Fig.  30  — Horizontally  polarized  return  from  wave 
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DEBRIS-AVOIDANCE  RADAR  CONCEPT 

riie  dill'i'ri'iuv  in  the  amplitude  modulation  characteristic  of  rigid  floating  deliris  and 
sea  return  suggests  that  percentage  modulation  vs  time  might  be  used  as  a discriminant  to 
suppress  sea  return.  F'igure  31  illustrates  one  way  in  which  such  a discriminant  might  he 
instrumenU'd.  The  railar  return  signals  are  delayed  by  integral  multiples  of  the  transmitted 
pulse  repetition  interval  in  a tapped  delay  line  similar  to  those  used  in  moving  target  indi- 
cators (MTI).  The  outputs  of  the  taps  are  subtracted  from  each  other  as  indicated  to  de- 
tect high-frequency,  large-percentage  amplitude  modulation  on  echoes  in  any  given  range 
resolution  cell.  If  such  modulation  is  detected,  the  output  from  one  or  more  of  the  sub- 
tractors  will  exceed  a preset  threshold  and  inhibit  a gate  to  block  passage  of  that  video  to 
a display.  Since  sea  return  fluctuates  by  more  than  6 dB  in  less  than  20  ms  and  debris 
echoes  remain  constant  for  much  longer  intervals,  this  instrumentation  will  block  all  sea 
return  video  and  pa.ss  deliris  video. 


INHIBIT 


Fig.  .31  — Proposed  sea  return  suppressor 

This  instrumentation  should  not  materially  reduce  the  probability  of  detection  of 
debris,  since  sea  return  is  expected  only  about  1%  of  the  time  in  any  given  range  cell. 

Thus,  when  sea  return  and  debris  return  come  from  the  same  cell  and  that  cell  is  blocked, 
the  blockage  will  correspond  to  a mere  1%  rtnluction  in  viewing  time. 

To  employ  the  [lercentage-modulation-vs-time  discriminant,  the  radar  must  dwell  on 
the  same  region  long  enough  to  suppre.ss  sea  return  and  ensure  debris  detection.  Such  long 
dwells  can  be  provided  by  employing  a roll-  and  pitch-stabilized  antenna  with  multiple 
azimuth  beams  filling  a 10°  or  20°  sector  looking  forward  in  the  direction  of  the  ship 
motion.  The  beams  can  be  spoiled  downward  to  pennit  observation  of  the  sea  surface 
near  the  ship  but  should  be  limited  in  width  above  the  horizon  to  reduce  weather  clutter. 

The  azimuth  bet  nwidth  and  range  resolution  should  l>e  designed  to  ensure  low  proba- 
bility of  including  a whitecap  in  any  given  resolution  cell.  A study  of  the  measurements 
made  to  date  reveals  that  1°  beamwidths  and  20-ns  pulse  widths  should  be  adequate  for 
ranges  between  1.6  and  4.8  km. 
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Frequency  diversity  in  the  form  of  simultaneous  sliort  pulses  on  different  carrier 
freqiK'ncies  would  improve  the  probability  of  detecting;  debris  by  filling  in  the  elevation 
lobing  nulls  produced  by  target  and  image  interference. 

PLANS  FOR  THE  FUTURE 

/ 

Plans  for  the  future  include  the  following: 

1.  Bistatic  measurements  of  sea  scatter  as  a function  of  polarization  and  frequency 
will  be  made,  to  test  the  long-wire  .scattering  model. 

2.  Monostatic  sea  return  measurements  using  short  pulses  on  a 3-GHz  carrier  will  be 
made,  to  verify  the  linkage  between  echo  autocorrelation  time  and  the  time  required  to 
add  or  subtract  one  X/4  zone  to  a whitecap. 

3.  Three  extra  sample-and-hold  circuits  will  be  adtied  on  each  X-band  frequency,  and 
four  contiguous  range  cells  will  be  gated.  A target  will  be  anchored  in  one  of  the  gated 
range  cells,  and  target  and/or  sea  returns  will  be  recorded  on  magnetic  tape  from  each 
stretcher.  These  data  will  then  be  processed  to  determine  the  optimum  thresholds  for 
suppressing  sea  return  and  detecting  debris. 

4.  A multibeam  radar  will  be  instrumented  and  fitted  with  the  proposed  data  proces- 
sor and  will  be  tested  at  sea. 


SUMMARY  AND  CONCLUSIONS 

The  experimental  measurement  program  revealed  that  high-resolution  X-band  radar 
echoes  from  a disturbed  sea  surface  are  very  improbable  in  any  given  resolution  cell  and 
that  when  they  occur  they  are  always  amplitude  modulated  with  a high  modulation  index 
and  have  a lifetime  on  the  order  of  1 s.  The  modulation  function  was  observed  to  have 
autocorrelation  times  of  10  ms  or  less.  Echoes  from  rigid  objects  floating  on  the  disturbed 
sea  surface  were  found  to  have  much  longer  autocorrelation  times  than  echoes  from  the 
sea.  This  difference  was  used  in  designing  a signal  processor  that  would  suppress  sea  echoes 
and  permit  detection  of  debris  echoes. 

Theoretical  models  of  the  sea  scattering  phenomena  were  developed  to  explain  the 
temporal  and  spatial  characteristics  of  sea  return.  In  addition,  the  effect  of  radar  polariza- 
tion on  sea  returns  was  considered  and  an  explanation  for  its  effect  was  suggested.  The 
theoretical  work  aided  in  justifying  the  proposed  debris-avoidance  radar  concept  that  was 
derived  from  the  experimental  data. 

The  principal  conclusion  that  can  be  drawn  on  the  basis  of  this  effort  is  that  it  should 
be  possible  to  design  an  effective  debris-avoidance  radar  for  high-speed  ships.  On  the  basis 
of  this  conclusion,  continuation  of  the  program  is  recommended. 
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